Using both direct neural recordings and electrical microstimulation, Joshi et al. (2016) show that locus coeruleus (LC) activity closely matches moment-to-moment changes in pupil size. But what causes these two measures to be related is not straightforward.
Based on the observation that changes in pupil size coincide with various arousal states, philosophers, poets, and artists have long posited the pupil as a window into the mind. Scientists' interest in pupil size has been no less passionate. In recent years, researchers in cognitive neuroscience and psychology have increasingly turned to measuring pupil size to obtain a read out of physiological arousal during cognitive (Eldar et al., 2013) and emotional challenge (Bradley et al., 2008) . This measure of autonomic arousal has proven popular in part because pupil size changes rapidly (250 ms) in response to external stimuli or internal mentation and is easily measured using modern eye trackers. Which brain areas influence pupil size and how activity in each area is related to instantaneous fluctuations in pupil size is not well understood.
In recent years, the idea that pupil size is directly related to moment-tomoment fluctuations in the activity of noradrenergic neurons in the locus coeruleus (LC) has gained significant attention (Aston-Jones and Cohen, 2005; Nassar et al., 2012) . This notion is enormously appealing, as it would allow a simple physiological measure to be related to the activity of a specific brain area and neuromodulator. The allure of this idea has, however, been slightly tempered by the lack of any mechanistic and causal studies to prove the relationship. Until recently, the most direct evidence relating LC activity and pupil size was from an intriguing observation that the activity of an LC neuron closely aligned with simultaneously recorded changes in pupil size (Aston- Jones and Cohen, 2005) . What has been needed is an in depth study to directly assess the link between LC activity and pupil size.
To begin filling this void, a study by Joshi and colleagues set out to determine the relationship between spontaneous and event-driven changes in pupil size and LC activity in rhesus macaques (Joshi et al., 2016) . The authors recorded activity in LC as well as a number of other parts of the brain that have recently been implicated in controlling pupil size, the inferior colliculus (IC), superior colliculus (SC), anterior cingulate cortex (ACC), and posterior cingulate cortex (CGp) in macaque monkeys (Ebitz and Platt, 2015; Varazzani et al., 2015; Wang et al., 2012) . By recording across this set of areas they could assess not only whether LC activity is related to pupil size, but also how it compares to these other areas.
First, Joshi and colleagues assessed how pupil size is related to spontaneous neural activity. To avoid any confounds from either the cognitive demands of a task or visual stimuli that might cause changes in pupil size, they trained five monkeys to fix their gaze on a red spot on a computer monitor while they recorded ongoing neural activity and pupil size. In these situations, the size of the pupil slightly oscillates. Because neural activity also shows subtle moment-tomoment fluctuations this allowed the authors to see if these two time-varying signals oscillated in step. During passive fixation, they found that fluctuations in the firing rate of many of the neurons they recorded from correlated with oscillations in pupil size. Interestingly, these correlations occurred on two different timescales. When spiking activity was aggregated over seconds (1-5 s) on a trial-by-trial basis, changes in pupil size were positively correlated only with the spiking activity of individual cells recorded in LC and IC.
A very different pattern emerged when the relationship between pupil size and neuronal activity from all five recorded brain regions were analyzed on a finer timescale. When changes in pupil size were aligned to individual spikes there was clear evidence of an association between activity in LC, IC, and SC and changes in pupil size: dilation followed by constriction. Spike-triggered pupil responses for the two cortical sites, ACC and CGp, were more variable. Most strikingly, when neuronal activity was temporally aligned to instances of pupil dilation and these were compared to instances of pupil constriction, Joshi et al. (2016) were able to demonstrate that spiking activity was greater prior to dilation than constriction (Figure 1 ). This occurred in all five brain regions but was particularly evident in LC, IC, and SC. Similarly, changes in the gamma band of the local field potential (LFP), likely reflecting local processing in an area, preceded instances of dilation versus constriction at relatively short timescales (<0.5 s) in LC, IC, and SC. Intriguingly, changes in gamma band LFP power, preceding pupil dilation versus constriction, occurred much earlier in ACC and CGp (>1 s). This is a potential indication that these cingulate areas function upstream from brainstem sites to influence pupil size.
These findings are noteworthy, as they show that independent of the timescale on which LC activity is measured, it is the region most strongly linked to pupil size fluctuations and does so in the absence of any task or visual stimuli. This last point is especially important as many of the previous studies implicating LC in pupil size did so within a task, which could have affected the results. It also supports the view that pupil size can be used to index changes in LC activity regardless of external stimulation.
Up to this point, the experiments in this study only show that fluctuations in pupil size correlate with spontaneous activity in LC, but what would happen when external events drive changes in pupil size? Previous work has shown that spiking activity in LC, but not substantia nigra, is positively correlated with changes in pupil size during decisionmaking tasks (Varazzani et al., 2015) . Building on these findings, Joshi and colleagues demonstrate a similar specificity of LC neuron activity in responding to external events that cause changes in arousal. While monkeys passively fixated, a startling tone was randomly delivered. By using auditory tones, researchers eliminated any influence of the light reflex on pupil size. While the unexpected tones elicited transient neural responses in the LC, IC, and ACC, only LC activity correlated with pupil size on a trial-by-trial basis. Responses in SC and PCC were not clearly locked to the startling stimuli. This nicely complements evidence that correlations between LC activity and pupil size are not necessarily task related (Varazzani et al., 2015) .
While the correlation between activity in LC and pupil size is convincing, this doesn't show that LC activity is causally related to pupil size. To address this question, the Joshi and colleagues electrically stimulated the LC, IC, and SC while monkeys passively fixated a red spot. While stimulation of each brain region evoked transient increases in pupil size, the effects were most consistent in the LC, with maximal pupil change occurring 250-700 ms following the onset of stimulation. More variable effects were found when stimulating IC or SC. Viewed alongside evidence that fluctuations in pupil size are correlated with LC activity and changes in LC spiking activity precede changes in pupil size, these stimulation results would appear to offer some of the most convincing evidence to date that pupil size and LC activity are directly related.
There is, however, a catch. At present there are no known direct connections between the LC and brainstem nuclei regulating pupil size in macaques. This means that either (1) an as-yet-unidentified projection from LC to brain stem nuclei exists, (2) projections from the LC to autonomic control centers in the hypothalamus drive changes in pupil size (Smith et al., 2006) , or (3) the effects of stimulation are due to antidromic activation of upstream areas that do control pupil size. This final possibility suggests that both LC and the nuclei controlling pupil size share a common input. Under such a mechanism, stimulation of the LC could cause back propagation of action potentials to the hypothesized common input area, driving changes in pupil size. One likely source is the nucleus paragigantocellularis of the ventral medulla. This nucleus receives widespread cortical and subcortical inputs, projects to both the Edinger-Westphal nucleus-which controls pupil constriction-and LC (Breen et al., 1983) , and functionally interacts with LC (Ennis and Aston-Jones, 1988) . Uncertainty around the precise mechanisms through which pupil size and LC activity are related highlights the need for further investigation into this circuitry. This question would seem to be ripe for interrogation using modern pathway-specific techniques, particularly since optogenetic modulation of LC neurons can be used to regulate cortical and behavioral arousal (Carter et al., 2010) .
If the LC does not directly control pupil size, how might it interact with the network of areas that do control arousal and ultimately pupil size? One potential mechanism is through interaction with the ACC, especially when arousal needs to be modulated during ongoing behavior. The LC and ACC are bi-directionally connected (Arnsten and Goldman-Rakic, 1984) , and the ACC is part of a network involved in controlling autonomic arousal (An et al., 1998) . Indeed, lesions of subcallosal ACC, the part of the cortex with the highest levels of noradrenergic transporter (Smith et al., 2006) , disrupt the normal patterns of sustained pupil dilation in anticipation of reward (Rudebeck et al., 2014) . One exciting possibility is that coordinated activity between LC and ACC is vital for synchronizing and sustaining arousal states across the brain and periphery during behavior.
The idea that pupil size provides a moment-to-moment index of LC neural activity has received considerable attention. Here, Joshi et al. (2016) provide some compelling evidence that LC activity and pupil size are indeed closely correlated, but the mechanisms are far from clear. Hopefully their findings will arouse others to take a closer look at this issue. When spikes are aligned to pupil dilations (red trace) and constrictions (blue trace) the example neuron shown here exhibits higher firing before pupil dilation and decreased firing before pupil constriction.
